We analyze the effects of introducing vector fermions in the Higgs Triplet Model. In this scenario, the model contains, in addition to the Standard Model particle content, one triplet Higgs representation, and a variety of vector-like fermion states, including singlet, doublet, and triplet states. We investigate the electroweak precision variables and impose restrictions on model parameters. We show that, for some representations, introducing vector quarks significantly alters the constraints on the mass of the doubly charged Higgs boson, bringing it in closer agreement with experimental constraints. We also study the effects of introducing the vector-like fermions on neutral Higgs phenomenology, in particular on the loop-dominated decays H → γγ and H → Zγ, and the restrictions they impose on the parameter space.
I. INTRODUCTION
The Standard Model (SM) of particle physics has received a big boost of confidence from the LHC Higgs data [1] , as the discovery of the Higgs boson completes the model, and as the model appears so far to satisfy most, if not all, experimental constraints. Yet the SM fails to answer some fundamental questions, from both the theoretical and the experimental sides.
Extensions of the SM resolve some of these questions, and while their predictions can overlap with the SM for phenomena where SM fits the experimental data, they can also resolve some conflicts of the SM with the data where such discrepancies exist. For instance, supplementing the SM by an additional complex Higgs triplet representation resolves naturally the origin of the neutrino mass [2] , the existence of dark matter [3] , and provides an explanation for the excess in the Higgs decay into two photons [4] .
In addition to scalar fields, the SM can be extended by additional fermionic particles.
Some of the simplest extensions would include an additional pair of chiral fermions, mimicking the already-existing fermion representations. However such models are all but ruled out by the Higgs data. An exception to this may be provided by including such additional representations in the Higgs Triplet Model (HTM) with non-trivial mixing between the neutral CP-even Higgs states [5] , but even there the parameter space is under significant pressure, and may be ruled out by data from the LHC operating at 13 TeV. The addition of non-chiral fermionic representations, such as vector quarks and/or vector leptons, is much less constrained. Vector-like fermions, which decay into SM fermions and a gauge boson or a Higgs particle, are predicted by extra-dimensional models [6] , little Higgs models [7] , heterotic string and string D-brane theories [8] and by some composite Higgs models [9] .
Vector-like fermions do not acquire mass through Yukawa couplings, they only affect the loop-dominated Higgs decay, and they may provide a better fit to the LHC Higgs data [10] .
A great deal of literature is dedicated to analyses of vector fermions in the SM [11] [12] [13] , as well as in model-independent scenarios [14] .
In general, fewer studies involve introducing vector fermions into specific non-SM models.
Supplementing these models by additional vector fermion states can alleviate some of the restrictions on the parameters in these scenarios. For instance, adding vector leptons in the two Higgs doublet model [15] alleviates electroweak precision constraints. In supersymmetry, vector leptons can improve vacuum stability and enhance the di-photon rate by as much as 50% [16] .
In a previous work [17] we showed that, if light enough, vector leptons introduced into the Higgs Triplet Model modify both the decay rates of the neutral Higgs boson into two photons, and the decay patterns and branching ratios of the doubly charged Higgs bosons.
In this work, we extend our study to a carefully general consideration of the theoretical and phenomenological implications of additional vector-like quarks states in the HTM. The effects of the vector quarks in the Higgs Triplet Model on the Higgs decays has been investigated before in [18] , where the authors showed that for some values of the couplings between the Higgs boson and the vector-like quarks, the decay H → γγ can be enhanced.
Our approach here is very different than theirs. We specify the possible hypercharge assignments for the new quarks, and then allow their masses and couplings to be free parameters.
We study cases in which vector-like states couple to the gauge fields and mix weakly with SM quarks of the third generation only, to avoid flavor violation problems. We investigate the precision electroweak constraints due to their presence in the HTM and the impact of vector-like states on the Higgs branching fractions, particularly into two photons and into Zγ. Unlike vector leptons, vector-like quarks affect both the production cross section and the decay rates of the Higgs bosons. We present numerical results which restrict the masses and mixings of the new vector-like quarks, and which have implications for future vector fermion searches. We also revisit the implications of their inclusion for doubly charged Higgs states.
Our work is organized as follows. In the next section Sec. II we summarize the basics features of the Higgs Triplet Model without (in II.1) and with (in II.2 )vector-like quarks.
We define the representations, as well as masses and mixing parameters. We proceed by examining the electroweak precision constraints in Sec. III in the HTM, again without (III.1) and with (III.2) vector-like quarks. In the same section, we present a numerical analysis on the restrictions coming from the oblique parameters on the masses of the doubly charged Higgs bosons, and on the masses and mixing parameters with third generation quarks for the vector-like quarks, in III.3. These restrictions are then applied to evaluation of the relative (with respect to the SM) branching decay rates for H → γγ and H → Zγ in Sec.
IV. We summarize our findings and conclude in Sec. V. Some definition of our parameters are included in the Appendix VI.
II. THE MODEL

II.1. Higgs Triplet Model
The Higgs Triplet Model (HTM) has been studied extensively in [19, 20] . The symmetry group is the same as that in the SM, SU (2) L ×U (1) Y , but one triplet field ∆ with hypercharge Y = 1 is added to the SM Higgs sector, which already contains one isospin doublet field Φ with hypercharge Y = 1/2. The Higgs fields are given by:
where v Φ and v ∆ are the VEVs of the doublet Higgs field and the triplet Higgs field, with
The Higgs potential involving the doublet Φ and triplet ∆ is
with parameters (all assumed real), m and M t the Higgs bare masses, µ the lepton-number violating parameter, and λ 1 -λ 5 , the Higgs coupling constants. The scalar potential in Eq.
(2.2) induces mixing among the physical states for the singly charged, the CP-odd, and the CP-even neutral scalar sectors, respectively:
with mixing angles given by
II.2. Higgs Triplet Model with Vector-Like Quarks
In considering addition of vector leptons to the Higgs Triplet Model, the representations considered included SU (2) L lepton doublets, right-handed charged and neutral vector singlets and their mirror images. Our assumption was that the vector-like leptons can be light, and then introduced a parity symmetry which forbade mixing between the new vector-like fields (odd under this symmetry) and the ordinary leptons (even under the same symmetry).
This insured that flavor, stringently constrained in ordinary lepton decays, was not violated.
Introduction of vector-like quarks imposes different constraints on the HTM, and thus the scenarios presented here would be qualitatively different from those introduced in [17] .
First, vector-like quarks affect both the production and decay of the Higgs bosons at the LHC. Second, flavor violation is less constrained in the quark sector, allowing the new vectorlike states to mix weakly with the third family of ordinary quarks. In this subsection we introduce vector-like quarks into the model, and in the next section we study their effects. We 
In these representations, Yukawa and the relevant interaction terms between the vectorlike quarks and SM quarks are [21] 
After the spontaneous symmetry breaking, the Yukawa interactions generate mixing between the SM quarks and the vector quarks at tree level. The singlet vector-like quark and the triplet vector-like quark exhibit similar mixing patterns, while the doublet vector-like quark has a different mixing pattern [21] . To avoid conflicts with low energy experimental data, we consider that the vector-like quarks mix with the third generation of SM quarks only.
The mass matrix for the mixing between m t and m T can be diagonalized by two mixing matrices: 10) for the singlet/triplet vector quark, such that
where m T ≥ M ≥ m t . Similar relations hold for m b and m B . The relations between the tree-level input parameters and the mixing angles and masses are given by [22] :
12)
For the case of doublets, the diagonalization can be carried out in a similar way:
The relations between the parameters are the same, except that the formulas for the leftand right-handed mixing angles are interchanged:
. (2.14)
We use the shorthand notations s
L . Note that in the T X triplet model, the two mixing angles are related to each other by
for bottom sector x b = −x t and for the the top the same formulas as in other case apply, with x t → √ 2x t [21, 22] . All multiplets thus involve at least one mixing angle. These mixed states will be used to express interactions with the Higgs and gauge bosons, and constrain those interactions. The mixing of a b quark with a heavy vector-like B quark modifies the Zbb coupling at the tree level, while the mixing between a t quark with a heavy vector-like T modifies the W bt vertex. We compute both of these, using analytical expressions. In D 1 model 1 , the strongest tree level bound comes from correction to Zb lbl coupling:
where
, with its SM value R b = 0.21578
−0.0008 [21] . Electroweak measurements constraints for the deviation δR b due to the new physics effects are δR b = 0.00051 ± 0.00066 [23] , and experimental restrictions [24] In D X model, the tree level bound comes from the left-handed W bt coupling: and T X models [25, 26] , and m T > 790 GeV, for D X and T Y models [26] . Some bounds exist for bottom-like vector quarks, and the bounds obtained are m B > 590 GeV, for D 1
and T Y models [27] , and m B > 358 GeV, for D 2 and D Y models [28] . Mass limits also exist for the exotic X quarks: m X > 770 GeV, in D X and T X models [29] , and for the Y quark
and T Y models [25] . However, the vector-like quarks could have escaped detection so far by prompt decays, and even relaxed limits on the mixing between top and vector-like top quarks can avoid the present experimental bounds [12] .
III. ELECTROWEAK CONSTRAINTS
The Peskin-Takeuchi parameters S, T and U are commonly used to constrain and characterize new physics, as a means to comparing its predictions with the electroweak precision data. They can be calculated perturbatively in any model from the gauge boson propagator functions, and are defined as [30] :
where the gauge boson two-point functions are defined asΠ
and α e ≡ α e (m 2 Z ). The current experimental bounds defining ∆T = T − T SM , ∆S = S − S SM and considering ∆U = 0, are ∆S = 0.05±0.09, ∆T = 0.08±0.07 [20] . In our considerations we allow for a more conservative deviation for the ∆T parameter between −0.2 and 0.4 [22] .
III.1. Contributions to the S, T and U -parameters in the HTM
The explicit expressions for the S, T and U parameters for the HTM, including the extra Higgs representation, but without the vector-like quarks, are
where Π AB HTM (p 2 ) are the gauge boson two-point functions in the Higgs Triplet Model.The
evaluated at physical momentum transfers scales
W . In the HTM with and without vector-like quarks, the S parameter is far less restricted by the parameters of the model, and does not pose difficulties in any of the models listed in Table I . While we shall plot the dependence of both S and T parameters on the variables of the HTM, we give the explicit results for the T parameter only.
The W -boson two-point function in the HTM is [20] :
The photon two-point function is calculated as:
The Z-boson two-point function in the HTM is
The photon-Z-boson mixing is calculated as:
where we used the short-hand notation for the Higgs mixing angles s(c) α ≡ sin(cos)α, In Fig. 1 we show the dependence of the T and S parameters on the doubly charged GeV and 398 GeV have been excluded respectively for e ± e ± , e ± µ ± and µ ± µ ± by assuming a branch ratio of 100% for each final state [34] . The CMS Collaboration also considered the associated production pp → H ±± H ∓ , in which the masses of H ±± and H ∓ are assumed to be degenerate. Using three or more isolated charged lepton final states, the lower limit on m H ±± was found to be between 204 and 459 GeV in the 100% branching fraction scenarios, and between 383 and 408 GeV for the type II see-saw scenarios [35] . These limits raise doubts about the existence of a light doubly charged Higgs boson.
However, the constraints have been questioned by several authors. Other decay modes for H ±± such as those into W -pairs become dominant under some conditions, namely v ∆
GeV [36] . Using the ATLAS result (with 4.7fb −1 integrated luminosity at √ s = 7 TeV) from the search by the lepton-pair production, these authors obtain a lower limit for the doubly charged boson mass of 60 GeV at the 95% C.L., re-evaluated to be 85 GeV for an integrated luminosity of 20fb −1 .
Still, the window for observing a light (left-handed) doubly charged Higgs boson is fairly narrow, and it would be desirable that a viable model should be able to accommodate heavier masses for these bosons. In the next section, we shall see that the upper bounds on doubly charged masses from precision electroweak constraints are raised by introducing 
III.2. Vector-Like Quark contributions to the S and T parameters
The oblique correction parameter S for vector-like quarks is [37] :
where the functions χ +(−) are defined as
and the function f is: 
The oblique correction parameter T for vector-like quarks is:
are listed in Appendix. We adopted the convention of using Greek letters to denote up-type quarks and Latin ones to denote down-type quarks. Here N c = 3 is the number of colours, and the functions θ +(−) are defined as
. As in the HTM without vector-like quarks, the S-parameter does not impose any restrictions on the parameter space of the model. We concentrate on the T parameter. As explicit expressions exist for the T parameter in some models [21] , we do not include them all. We are interested in the case in which the contributions from vector-like quarks are of opposite signs to those from the extra states in the HTM, and thus allow to relax the severe constraint on the doubly charged Higgs mass discussed in the previous section. In Fig. 2 , we show the contribution to the T parameter in two of the models, D 1 , D X . We have chosen these models since these are the only ones which yield contributions to the T parameter which can be negative, interfering destructively with those coming from the particle content of the HTM. As shown in Fig. 2 , the T parameter in these models is negative in a small region, restricting the upper bound on m H ±± to ∼ 400 GeV in the D X and D 1 models. The rest of the models from Table I 
III.3. Restrictions on doubly charged Higgs boson and vector-like quarks masses
We investigate further the D 1 and D X models, where the negative contributions to the T parameter are significant. For the specific models under study, we give explicit expressions for the T parameter 2 :
(3.14)
For a given physics model, the predictions for the T parameter consist of the sum of the (Fig. 5) shows that, with vector-like quark mass M = 305
GeV, the upper limit for x t is x t = 723 GeV, while for M = 1000 GeV, the upper limit for x t is x t = 553 GeV.
We note that, Fig. 4 and Fig To summarize, experimental constraints on W tb impose restrictions on M in D X scenario, while leaving x t free; while in the D 1 scenario Zbb imposes restrictions on x b while leaving M unconstrained.
IV. EFFECT OF VECTOR QUARKS ON H → γγ AND H → Zγ
The production and decays of the vector-like quarks will proceed in the same way as in the SM, and this was explored extensively before. However, what could be different are effects on the loop-induced decays H → γγ and H → Zγ, through interplays of contributions of additional particles in the loop, in our case charged and doubly charged Higgs bosons and vector-like quarks. So in this section, we study vector-like quarks contribution to the Higgs decay in the HTM. The decay width h → γγ is
where the sum runs over q = t, T for up-type quarks and over b, B for down-type ones.
The value for m T is given in Eq. (2.12), and the loop functions for spin 0, spin 1/2 and spin 1 appear in the literature. For this, and for the couplings of h to the vector bosons and fermions, and the scalar trilinear couplings we use the same expressions as in our previous work [17] . The couplings of the Higgs bosons with vector quarks (Y) appearing in Eq.
(4.1) are listed in Appendix.
The new quarks effect on the di-photon search channel at the LHC is expressed by the ratio
where Φ is the SM neutral Higgs boson. We neglect the contribution of the b quark. The ratio of the production cross sections by gluon fusion is As in [4] , we set the values 125 GeV and 98 GeV for the h and H masses respectively, and adjust the parameters λ 1 − λ 5 accordingly. The relative widths factor is as defined in [17] .
Previously, in [18] , couplings of the vector quarks and in the Higgs potential were assumed to be arbitrary, and thus the gg → H production rate could be reduced to 20% of the SM value. In our considerations, vector quark couplings are restricted from the mixing matrices Eq. (2.11) and Eq. (2.13), and we relate the couplings in the Higgs potential to the Higgs masses [4] .
Our numerical investigations agree with those in [13] . In both the loops for Higgs production through gluon fusion, and in the loops for Higgs di-photon decay, the contributions of the vector -like quarks are very small. This effect is stronger than expected by decoupling, and arise also from small couplings of the new quarks, given in the Appendix. The couplings of the new quarks to the Higgs bosons is limited by the trace of the mixing matrix for both singlet/triple and for doublet representations, which must equal 1 [13] . Even for light masses, varying M ∈ (100 − 500) GeV and x b(t) ∈ (0 − 1000) GeV, the variation in R γγ is less than 10%, and thus below the precision of the current measurements at the LHC.
The decay rates R γγ and R Zγ depend sensitively on sin α and m H ±± . We investigate this dependence in the context of the HTM model with vector quarks, because, although the vector quarks do not explicitly modify the di-photon and Z-photon decays, they affect the parameter space of sin α -m H ±± through restrictions on the T parameter, and thus they indirectly affect the decays.
The results of our analyses are shown in Fig. 6 . In purple, we draw contour plots for the T parameter restrictions, while values for R γγ are shown in multicolor contours. We have drawn plots for scenarios (in order, from the top, left to right side): We note also that, as in HTM without additional fermions, for sin α = 0 the Higgs diphoton decay cannot be enhanced with respect to its SM value. This confirms our previous analyses in [4, 17] . The relative branching ratios R γγ are very sensitive to values of sin α.
In the allowed regions of m H ±± bands, the angle for which the enhancement in the di- The decay width for h → Zγ is given by [39] :
where the sum runs over q = t, T for up-type quarks and over b, B for down-type ones and
is the weak isospin of top and bottom quarks, while for vector-like quarks I
, and f L , f R depend on the vector-like quark representation [40] , and are listed in Table II. The loop-factors are and couplings have been given before, and we use the expressions in [17] . 
The decay rates for R Zγ depend on sin α and m H ±± , though the variation is much milder than that for R γγ . We investigate the dependence in To summarize, introducing vector-like quarks in the Higgs Triplet Model alters the electroweak constraints on the parameters of the model and yields tighter predictions for the enhancement of loop-dominated Higgs decays, expected to be measured even more precisely at the LHC operating at 13 TeV.
VI. APPENDIX
We list below the W and Z couplings in quark-like models used to restrict masses and mixings in the D 1 and D X models. 
We list below the Higgs boson couplings in quark-like models. 
Heavy-heavy couplings to the Higgs boson
